Abstract. Peritectic solidification reactions appear in many metallic systems such as Al-Ni alloys. However, microstructural evolution and effects of processing parameters on phase selection during peritectic reaction are not well understood. In this paper Impulse-Atomization experiments and simulations were used to study rapid solidification of Al-36 wt% Ni particles. Secondary dendrite arm spacing measurements were used to estimate the cooling rate achieved during the solidification of these particles. The weight fractions of the phases formed in different sizes of the particles were measured using neutron diffraction technique. Solidification paths were then simulated with a model previously validated for concurrent dendritic, peritectic and eutectic phase transformations in binary alloys. Model predictions are compared to the experimental results to understand the sequence of transformations that leads to the final metallurgical state of the particles.
Introduction
It is known that the catalytic properties of Al-Ni alloys depend on constituent phases formed during the solidification process [1] . In this paper, solidification of atomized particles of Al-36 wt%Ni alloy will be studied using neutron diffraction and Rietveld analysis. A segregation model will also be used to simulate the solidification of this alloy. The model considers finite diffusion during multiple phase transformations and growth kinetics of microstructures. It can predict the time evolution of temperature, phase fractions and average compositions of phases [2, 3] . It is also coupled with thermodynamic equilibrium calculations using the CalPhaD method with the dedicated software ThermoCalc (http://www.thermocalc.se) [4, 5, 6] . The model has been used to simulate the solidification of droplets processed using electromagnetic levitation (EML) [3] and gas atomization (GA) [7] . However, the solidification of a droplet in EML is strongly disturbed by large stirring effects from the electromagnetic forces used for positioning and heating the sample. Also, for GA, a wide droplet size distribution is achieved and each droplet finds itself in a different local gas velocity and temperature. As a result, depending on how the droplets interact and move with the atomizing gas the evolution of chemistry and/or microstructure varies [8] [9] [10] . This makes it very difficult to identify how individual process variables can affect the resulting characteristics of individual, or group of, droplets. To minimize the effect of external forces on the solidifying droplet Impulse Atomization (IA) technique was used for this research.
IA is a single fluid atomization technique that is capable of producing spherical droplets with diameters of 100 to 1000 μm. In this technique, the liquid droplets solidify while free-falling through a stagnant inert gas. In such a system the heat transfer phenomenon between the falling droplet and the cooling gas can be readily characterized [11] . Also, disturbance from external forces in IA is minimal and the falling droplets experience levels of reduced gravity depending on the droplet size, type of the cooling gas and initial velocity [12] . IA has been used to produce variety of different alloys such as Al-Cu [13] and Al-Ni [14] . In this paper, IA technique is utilized as a tool for studying solidification of Al-36 wt%Ni.
Experiments
A 4-meter-high atomization tower was filled with helium and the oxygen content was reduced to less than 10 ppm. An induction furnace located at the top of the tower then started heating the 99.9% pure Al and Ni (Alfa Aesar) to make Al-36 wt%Ni melt. This composition is shown with an arrow in Al-Ni phase diagram calculated using ThermoCalc and the Public BINary thermodynamic database for alloys (PBIN) database ( Figure 1 ). The alloy was held for 30 minutes at 100 K above its liquidus temperature. Afterwards, the liquid was pushed through orifices at the bottom of the crucible to generate liquid streams, which subsequently broke up into spherical droplets by Rayleigh instability. The droplets lose their heat as they fall through the stagnant helium atmosphere. The solidified particles were then collected in oil at the bottom of the tower. For more details of the technique see [15] . The solidified particles were subsequently washed, using toluene and ethanol, and sieved into different sizes. To study the microstructure, scanning electron microscopy was performed using a Zeiss Evo MA15 SEM with a 20 keV electron beam energy. EDX analysis on the SEM was done using a Bruker Silicon Drift Detector with a peak resolution of 125 eV. The variation of microstructure length scale (i.e. the Dendrite Arm Spacing, DAS) with droplet size was estimated using the method previously presented [3] . Back-scattered SEM images of Al-36 wt%Ni droplets of different sizes were processed. The interface between the peritectic and the eutectic structures is determined by its gray level threshold value. The DAS was then evaluated as the average spacing between intercepts of this interface with evenly spaced lines through the image. Total of 60 lines on ten different particles from each particle size were used to estimate the DAS value.
ND was used to characterize the phases formed during solidification. The experiments were conducted using a neutron beam of 1.33 Å wavelength at National Research Council of CanadaCanadian Neutron Beam Centre (NRC-CNBC) in Chalk River, ON. To obtain the weight fraction of the phases formed under different conditions, Rietveld analysis was performed using the GSAS (General Structure Analysis System) software [16] . 
Modeling
The model used in this paper was thoroughly described elsewhere [2, 3, 7] . It is based on a volume averaging method. While the detailed topological morphology of the microstructure is not predicted, the global evolution of the system can still be modeled. Averaged conservation equations are written for the energy, the total mass and the solute mass over a Representative Elementary Volume (REV). Assumptions are made of constant and equal densities in all phases and no mass exchange with the outer boundary of the REV (closed system). Hence, mass transfer only takes place by diffusion and phase transformation. A uniform temperature is also assumed. Heat exchange takes place at the outer boundary of the REV. The kinetics of the phase transformations are computed as a function of microstructure features such as the growth velocity of the microstructures and the secondary DAS. Such features are inputs to the model. The spherical REV represents a single atomized particle undergoing solidification. Several microstructures successively nucleate at its center of the domain and propagate by radial growth. Each new nucleated microstructure defines a new zone (e.g. primary, peritectic, eutectic) in which several phases may coexist. Because different liquids in different zones have different compositions, they are considered as different phases. Identically, after the nucleation and growth of secondary solid phases, solid phases are split in the different zones to which they belong. The radial expansion of each new zone follows the growth kinetics of the new solid microstructure. The grain envelope, i.e. the boundary between the mushy zone and the bulk extradendritic liquid zone, is defined by the location of the dendrite tips and it grows according to a classical dendrite tip growth law from Kurz et al. [17] . For a peritectic zone, the growth kinetics is based on a simple adaptation of the dendritic theory for a solid structure facing several liquid zones [2, 3] . The classic model from Jackson and Hunt [18] gives the growth kinetics of the final eutectic zone. The nucleation event of a solid phase in an undercooled liquid takes place when the temperature becomes lower than the prescribed nucleation undercooling of the solid phase. In the following no nucleation undercooling has been considered. This choice is commented and justified in the discussion section. Hence, nucleation takes place when the temperature is lower than the equilibrium temperature for the formation of the new phase. One has to take care yet to compute such a metastable equilibrium temperature with the actual interdendritic liquid composition.
Assuming a global microstructure morphology (through interface densities) and composition profiles (through diffusion lengths), the total mass and the solute mass balances are written for each phase in each zone. Within each zone, phase transformations and diffusion fluxes are assumed in a plate-like geometry in the secondary DAS. Mass exchanges are considered at the boundary of two adjacent zones, i.e. in the radial growth direction. The later situation actually depicts the exchanges within one -or several -given thermodynamic phase(s) belonging to two adjacent zones. Through a boundary between two zones, the average composition of a given thermodynamic phase is continuous, while at an interface between two phases, thermodynamic equilibrium is assumed. The equilibrium calculations are done with the CalPhaD-based software ThermoCalc. Hence, non-linear phase diagrams are computed together with their metastable extensions [3] .
In addition to the mass balances for each phase in each zone, an average global heat balance is written for the entire domain. Stable and metastable enthalpies of phases and their partial derivatives with respect to temperature and composition are also given by thermodynamic equilibrium calculations [3] . A convective heat transfer condition is assumed at the external boundary of the droplet. In order to account for the atomization process, a time dependent heat transfer coefficient is computed with a model dedicated to the atomization process [2, 13] . The Nusselt number, which characterizes heat exchange between the particle and the helium gas, is expressed using the Whitaker correlation as a function of the Reynolds number of the flow, the Prandtl number, and the viscosity of the gas. The velocity of the falling droplet appearing in the Reynolds number is integrated with respect to time from the balance between gravity and drag forces in the atomization fluid. The convective heat transfer coefficient is thus directly correlated to the velocity of the droplet [2] .
The unknowns of the resulting system of ordinary differential equations (ODE) are the fractions of phases, the average compositions of phases and the temperature of the domain. For instance, in the simulations performed in this paper, involving four phases and three solidification reactions (primary dendritic, peritectic and eutectic), the whole model reduces to 19 ODEs and as many unknowns. An implicit multiple step backward method (or Gear method) is used to solve the system of equations. Figure 2 shows the microstructure of solidified particles of Al-36 wt%Ni with diameters of 850 and 355 μm. Three different gray scales representing three different phases can be seen in these images. EDX analysis of the brighter phase observed in the core of dendrites showed that it contains 39 at% nickel, which is close to that of Al 3 Ni 2 . These dendrites are surrounded by a slightly darker gray phase. From EDX it was found that this phase contains 24 at% nickel. The morphology and the composition of this phase suggest that it is the peritectic phase, Al 3 Ni. The darkest gray structure that occupies most of the remaining interdendritic region and contains more than 95 at% aluminum is the eutectic structure that formed during the last stage of the solidification [19] . Some porosity due to solidification shrinkage is observed as well, as can be seen on the top left part of Figure 2a . There is a large variation of microstructure length scale as a result of variation of particle sizes. The variation of the measured DAS with particle size is well fitted by the relation DAS Profile refinement was carried out using the software GSAS on ND patterns from particles of Al-36 wt%Ni atomized in helium. Three phases (i.e. Al 3 Ni 2 , Al 3 Ni and Al) were identified. Figure 3 shows an example of measured ND pattern of 5 grams of IA particles with diameter of 500 µm along with the calculated diffraction pattern. The top line shows the calculated diffraction pattern as obtained from GSAS software and the bottom line represents the difference between the observed and calculated diffraction pattern. The few and low oscillation peaks in this curve indicate a satisfactory agreement between measured and refined patterns.
Results and Discussions
Additionally, the simulation of the solidification of an Al-36 wt%Ni alloy particle of diameter 355 μm was achieved with the simulation parameters summarized in Table 1 . Expect the diffusion coefficient in the solid phases, the simulation parameters are similar to those used in previous work [3, 7] . As previously discussed [3] , the values of interdiffusion coefficients in liquid Al-Ni alloys are still under debate [20] [21] [22] [22] . The results of the model will be compared with those considering the previous value of the solid diffusion coefficient.
We did not include nucleation undercooling of the solid phases in the present simulation. The possible and likely occurrence of solid phase nucleation undercooling may affect the solidification path and the final amount of constituents [3] . The wide solidification range of the considered alloy (> 300 K) gives rise to a very large range and numerous combinations of possible nucleation undercoolings. However, unlike in EML experiments, no measurements were directly performed to determine the nucleation undercoolings in the investigated droplet. Hence, as a first comparison and for the sake of simplicity, we chose to set the nucleation undercooling of solid phases to zero rather than adjusting three additional parameters in a simulations where a lot of key properties are already not well identified (e.g. diffusion coefficients). Furthermore, when high cooling rates are involved, the occurrence of high growth-related undercoolings [3, 7] could have a predominant influence compared to the nucleation undercooling of solid phases. Hence, good predictions could be achieved for the GA process without accounting for nucleation undercoolings [7] . Figure 4 shows the evolution with time of (a) the temperature of the droplet with equilibrium and nucleation temperatures of the different phases and (b) the volume fractions of phases, compared with the final phase fractions according to standard predictions of the lever rule and Scheil-Gulliver model (horizontal lines). The cooling curve exhibits three recalescences, corresponding to the successive growths of the primary dendritic Al 3 Ni 2 , the peritectic Al 3 Ni and the eutectic (Al + Al 3 Ni) microstructures. Even though the nucleation undercooling is set to zero for all phases, we observe significant undercoolings before the recalescences, which corresponds to a growth-related undercooling due to the important cooling rate [3, 7] . First, around t ~ 0.018 s, the growth of the primary Al 3 Ni 2 dendritic structure provokes the first recalescence. After the primary recalescence, the temperature decreases and reaches a small peritectic recalescence at t ~ 0.055 s. This small temperature increase indicates that the peritectic solid already grows during the step of primary solidification, is then stopped by the primary recalescence, and finally starts again when the temperature decreases below the peritectic equilibrium temperature. Indeed, on the cooling curve, the nucleation temperature of the peritectic appears above its equilibrium temperature, thus indicating the early growth of Al 3 Ni just before the primary recalescence. Due to the early formation of peritectic phase, the small amount of peritectic phase remaining to form for reaching close-to-equilibrium solidification conditions during the peritectic recalescence explains its moderate amplitude. This solidification scenario is similar to one predicted and described in details previously for gas atomized Al-Ni droplets (namely Al-35.22 wt% Ni droplets of diameter ~ 60 μm in [7] ). During this peritectic recalescence, the decrease in primary Al 3 Ni 2 fraction is first due to the remelting of the primary solid during the peritectic growth and to the peritectic transformation Al 3 Ni 2 Al 3 Ni, which lasts up to complete solidification. After the peritectic recalescence, the solidification ends when the temperature goes below the eutectic nucleation temperature (plus a small growth undercooling), as the eutectic structure grows and fills in the remaining liquid. Comparison of the simulation results with those from equilibrium lever rule and Scheil-Gulliver model (Figure 4b ) clearly shows that while the lever rule overestimates the amount of peritectic phase and no residual primary Al 3 Ni 2 , Scheil-Gulliver model reaches opposite deviations, i.e. underestimation of peritectic and overestimation of primary Al 3 Ni 2 . That is because according to Scheil-Gulliver model, no solid-state diffusion takes place, which is a requirement of peritectic transformation. Figure 5 compares the phase fractions from simulation with those from Rietveld analysis on IA powders of different sizes. The experimental measurements show that the fraction of Al 3 Ni 2 increases with increasing particle size from 355 to 850 μm. This is likely due to the fact that the increased cooling rate for smaller particle sizes results in a primary phase nucleation undercooling, which in turn reduces the amount of Al 3 Ni 2 . This may explain why the simulation overestimates the amount of Al 3 Ni 2 at smaller particle sizes, since no nucleation undercooling was assumed in the simulations. Table 1 . Values of thermo-physical data of the Al-36 wt%Ni alloy and numerical parameters.
At larger particle sizes, on the other hand, the simulation overestimates the fraction of Al 3 Ni. Since no experimental diffusion coefficient in the Al 3 Ni phase has yet been reported, choosing an arbitrary diffusion coefficient may result in the discrepancies observed. The diffusion coefficient in the Al 3 Ni phase used here differs from the value proposed in earlier publications [3, 7] . The current value of 510 -12 m , is also given in Figure 5 . However, the relevance of the diffusion coefficient in the Al 3 Ni phase remains limited due to the small solubility range (0.1 wt.%) introduced in the Al 3 Ni phase, in order to allow diffusion in the stoichiometric phase [3] .
Various thermo-physical properties of Al-Ni alloys are not well determined, which have a crucial effect on the solidification history of a particle. Furthermore, their effects highly depend on each other, and hence they cannot and should not be considered individually. If a good quantitative agreement was found with observed cooling curves and solid fractions for one set of parameters [3, 7] , we believe that it indicates that the entire set of parameters was well suited to the investigated process and alloy. This point stresses once again the lack of well-assessed experimental values for crucial parameters such as diffusion coefficients in each individual phase. However, the inclusion of finite solid-state diffusion phenomenon within the semi-analytical model used here, even with approximate diffusion coefficients, shows a far better agreement with measurements than the standard and widely used equilibrium models (lever rule and Gulliver-Scheil model), as can be seen in Figure 4b .
Additionally, it has been suggested that the morphology of Al 3 Ni 2 and Al 3 Ni may also affect the phase fractions of the solidified phases [26] . It has been shown that the extensive growth of the primary phase at lower cooling rates results in decreasing amount of available surfaces for peritectic phase nucleation. On the other hand, the morphology of Al 3 Ni that leaves open channels between the liquid and the primary phase may change the phase fractions and must be taken into account in the simulation of peritectic transformation for Al-Ni alloys. 
Conclusions
Effect of particle size on phase selection and microstructural evolution during peritectic reaction in IA droplets of Al-36 wt% Ni were discussed. The fractions of phases were determined by neutron diffraction and Rietveld analysis. The amount of phases depends on the size, i.e. the cooling rate. A microsegregation model for the solidification of binary alloys was used that accounts for diffusion in all phases, as well as nucleation undercooling and growth kinetics of the solidifying microstructures. It considers the successive occurrence of several phase transformations, which includes one or more peritectic reactions and one eutectic reaction. The model closely predicts the measured phase fractions after the adjustment of the diffusion coefficient in solid phases. The observed discrepancies were likely due to the uncertainties on the diffusion coefficient, nucleation undercooling of different phases and the morphology of the primary and the peritectic phases.
